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Experimental observations suggest that molecular adsorbates exhibit a larger friction coefficient than atomic
species of comparable mass, yet the origin of this increased friction is not well understood. We present a study
of the microscopic origins of friction experienced by molecular adsorbates during surface diffusion. Helium
spin-echo measurements of a range of five-membered aromatic molecules, cyclopentadienyl (Cp), pyrrole and
thiophene, on a copper(111) surface are compared with molecular dynamics simulations of the respective
systems. The adsorbates have different chemical interactions with the surface and differ in bonding geometry,
yet the measurements show that the friction is greater than 2 ps−1 for all these molecules. We demonstrate
that the internal and external degrees of freedom of these adsorbate species are a key factor in the underlying
microscopic processes and identify the rotation modes as the ones contributing most to the total measured
friction coefficient.
I. INTRODUCTION
In every adsorbate system, energy and momentum
is transferred between adsorbate and substrate contin-
uously, even when in thermal equilibrium. The substrate
can provide the energy required for an adsorbate to ex-
plore the potential energy landscape, and can equally
absorb the adsorbate’s energy, resulting in damping of
adsorbate motion. These energy transfer processes influ-
ence the adsorbate’s behavior strongly and are related
to nanoscale friction1 and vibrational dynamics.2 Acti-
vated diffusive motion is dominated by energy exchange,
and thus the kinetics of self-assembly processes or sur-
face reactions can be significantly affected. Therefore,
understanding the adsorbate–substrate energy transfer,
the rate at which it occurs, and the randomization of
adsorbate velocities is paramount to the prediction and
control of adsorbate dynamical processes and the devel-
opment of new technologically relevant materials in the
fields of surface science and nanoscale materials.
The effects of energy exchange in adsorbate mo-
tion can be described quantitatively using the Langevin
equation.3 Here, key dynamical coordinates are treated
explicitly while the influence of all others are treated as
being equivalent to that of a heat bath characterized by
Gaussian random impulses and a friction parameter. For
an adsorbate moving in two-dimensions, the simplest ap-
proach is to include only the motion of the center of mass
of the diffusing particle. If the center of mass is described
by the 2D vector, r , the simplest form for the equation
of motion is
mr¨ = −∇V (r)−mηr˙ + ξ(t), (1)
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where the mass, m, interacts with the substrate through
a potential, V (r), and is subject to random impulses,
ξ. The friction coefficient, η, here is assumed to be
position independent and describes the rate of energy
transfer between adsorbate and substrate. Energy can
be stored in different degrees of freedom of the substrate
and adsorbate. Hence, a number of sources contribute to
the energy exchange and thus to the friction: electronic
terms,4,5 spin,6,7 phononic degrees of freedom,4,8–10, and
the internal degrees of freedom of the adsorbate.11–13 The
origin and magnitude of the friction depend on the na-
ture of the adsorbate–substrate bond and the electronic
properties of the substrate. Phononic friction, for ex-
ample, acts in both conducting and insulating substrates
and, here, the damping of adsorbate motion arises pri-
marily from the emission of substrate phonons. An ad-
sorbate vibration with frequency ωo can excite phonons
having energies less than ωo and, for a Debye spectrum,
the number of such states will increases like ω3o .
10,14 The
friction has a correspondingly strong dependence on the
vibrational frequency of the adsorbate. The friction co-
efficient, η is defined by its use in the Langevin equation
(Eq. 1), and as such has inverse time units. It gives
a measure of the rate of energy exchange between the
various degrees of freedom of the system. In the case
of atomic adsorbates energy is typically exchanged 1012
times per second, which we denote as ps−1. For distin-
guishable particles in the absence of interactions between
adsorbates Eq. 1 gives the well-known result Dη = kBT ,
relating the tracer diffusion coefficient, D, and the fric-
tion in the case of a flat landscape.3,15
Quasi-elastic helium atom scattering provides an ex-
perimental measure of the friction by probing adsorbate
dynamics.16,17 The helium spin-echo (HeSE) technique
which we employ here measures the intermediate scatter-
ing function, ISF.18,19 By comparing measured ISFs with
ones derived from Eq. 1 for various values of the friction
parameter, η, a best fit value of η may be obtained. The
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2purpose of the present work is to investigate the factors
contributing to η that arise from the substrate and the
internal and external degrees of freedom of the molecule
respectively.12,13 For that purpose we extend the number
of dynamical variables in order to describe each individ-
ual atom in the molecule explicitly through interactions
between the atoms and the substrate together with inter-
nal pairwise and angular forces. The Langevin equation
for this extended description is
mr¨ i =−∇ [Vatom(r i) + Vmolecule(r i, {r j})]
−miηT r˙ i + ξTi(t). (2)
Here, each atom, i, in the molecule is subject to ran-
dom forces, ξTi(t), and frictional damping, ηT , arising
from the substrate thermostat, while the forces are de-
rived both from atom–surface and intramolecular atom–
atom interactions, Vatom(r i) and Vmolecule(r i, {r j}), re-
spectively. Comparison with Eq. 1 and hence with the
experimental results is made through a determination of
the overall friction, obtained from the trajectory of the
center of mass in Eq. 2.
Generally speaking, the friction coefficient, η, deter-
mines the distribution of jump lengths for a given adsor-
bate system. In the case of low friction, the rate of energy
exchange between adsorbate and substrate is small and
once the diffusing species has acquired sufficient energy to
overcome the barrier to diffusion, it “rollercoasters” over
many barriers, resulting in adsorbate trajectories dom-
inated by long jumps as illustrated in Fig. 1 (a). The
adsorbate motion between sites is thus predominantly
of a ballistic nature. In the high friction limit, on the
other hand, the diffusing particle changes its energy so
frequently that it does not move in a direct route between
adsorption sites but rather by a random walk. Fig. 1 (b)
shows trajectories dominated by single jumps in a high
friction system.
Figure 1. Comparison of center-of-mass trajectories for ad-
sorbates of mass 84 amu experiencing (a) a low friction of
η = 0.2 ps−1 and (b) a high friction of η = 5.0 ps−1 on a
substrate of (111) geometry at 160 K. Clear differences in the
distribution of jump lengths can be seen, with single jumps
between adjacent sites dominating in the high friction regime
while longer jumps are observed in the low friction case.
To date, friction coefficients have been determined for
a wide range of different adsorbate systems. The diffu-
sion of small adsorbates is typically well understood18
and some success has been shown for simple theoreti-
cal models of the friction parameter.10 An investigation
of alkali metals on a single crystal surface gave friction
coefficients of 0.5 ps−1 for Na/Cu(100),20 0.22 ps−1 for
K/Cu(100)21 and 0.025 ps−1 for Cs/Cu(100).22 These
values for η are all in the low friction regime where
long jumps dominate the diffusion. Furthermore, a clear
trend of decreasing friction with increasing adsorbate
mass can be observed. Moving from atomic adsorbates
to small molecular species, CO has been investigated on
Cu(100),23 Cu(111)24 and Pt(111),25 giving a friction co-
efficient of 0.1–0.5 ps−1, 0.8 ps−1 and 0.7 ps−1, respec-
tively, which is on the same order as the friction observed
for atomic species. In addition, HeSE measurements of
propane/Pt(111) have been performed, showing a friction
of 0.8±0.2 ps−1.26
Larger molecular adsorbate systems are less well stud-
ied and there is a need for new theoretical models
to describe these systems. As a consequence, rela-
tively little is known about the friction of such larger
adsorbates. Experimental investigation of the ben-
zene/graphite system,27 moving in continuous Brownian
motion, provided a friction coefficient of η = 2.2 ps−1
which is much larger than for any of the smaller sys-
tems measured previously. In another helium atom scat-
tering study, Wo¨ll and coworkers have investigated the
frictional damping of the vibrational motion of alkanes
on metal surfaces, describing a phononic and an elec-
tronic contribution to the friction.28–30 Their undecon-
voluted experimental results were analyzed by Persson
and Volokitin who determined a phononic friction coef-
ficient of 2 ps−1.4 More recent work has shown that, in
addition to the contributions from the substrate, the in-
ternal degrees of freedom of a molecular adsorbate need
to be included, giving good agreement between experi-
ment and theory for benzene/graphite.12,13 In the present
work, we present HeSE measurements of three related
aromatic molecules, cyclopentadienyl (Cp), pyrrole and
thiophene on Cu(111) and interpret the measured friction
coefficients using molecular dynamics simulations includ-
ing the external as well as internal degrees of freedom of
the molecular species.
II. METHODS
A. The helium spin-echo experiment
All experiments were performed using the helium
spin-echo spectrometer at Cambridge which has been
described in detail elsewhere.31,32 In essence, a spin-
polarized 3He beam is scattered off the sample surface
to measure equilibrium dynamics on the surface. The
wave packets of each 3He atom are split in time and space
by a variable magnetic field into components that scatter
from the surface at two different times, t and t+tSE . The
two components are then recombined in an identical but
3reversed magnetic field after the sample. For a static sur-
face, both wavepackets scatter identically and are recom-
bined to give the original spin polarization. In the case
of surface dynamics occuring during the time difference,
tSE , (which is of the order of pico- to nanoseconds) a loss
of correlation between the surface at t and t+ tSE is de-
tected as a reduction in polarization after recombination.
During each experiment, we record the increasing loss in
correlation on the surface as a function of tSE , which typ-
ically decays with time as f(t) = a exp(−α · tSE) + c for
diffusive motion, where the constant level, c, can arise ei-
ther from scattering from static defects on the surface or
from aspects of the motion corresponding to diffusion in a
confined space.18,33 To characterize the two-dimensional
dynamics of an adsorbate we study the variation of the
decay rate, α, with scattering momentum transfer par-
allel to the surface, ∆K, azimuthal direction, tempera-
ture and coverage. All experiments reported here were
performed using a beam energy between 7.5 meV and
8.5 meV.
A Cu(111) single crystal (Surface Preparation Lab-
oratory, Netherlands) was mounted inside an ultra-
high vacuum chamber with a background pressure of
< 5 · 10−11 mbar and cleaned by Ar+ sputtering (800 eV,
10 µA, 300 K) and annealing to 800 K for 30 seconds. We
confirmed the surface cleanliness using the specular he-
lium reflectivity, exceeding 25% at 300 K. The crystal
azimuth was aligned using the known diffraction pattern
of a CO overlayer.24
The dosing process was monitored using the specularly
reflected helium signal and the coverage determined from
the reflectivity drop. Adsorbed cyclopentadienyl (Cp),
C5H5, was obtained by backfilling the chamber with cy-
clopentadiene (CpH) using the vapor pressure from the
liquid sample. The copper surface was kept at 300 K
at which temperature CpH dehydrogenates to form Cp
on the surface.34,35 CpH was obtained by distillation of
the (CpH)2 dimer and stored at liquid nitrogen tempera-
ture to prevent dimerization. Pyrrole, C4H4NH, (Sigma-
Aldrich, reagent grade 98%) was equally dosed by back-
filling the chamber.36 A line-of-sight dosing method using
a dosing tube in front of the crystal surface was employed
for thiophene, C4H4S, (Fluka, puriss. ≥ 99.5%). Both
pyrrole and thiophene were dosed with the copper crystal
kept at 160 K. All adsorption precursors were purified by
repeated freeze–thaw cycles in high vacuum before dos-
ing and their purity checked using a quadrupole mass
spectrometer. We find that pyrrole and thiophene ad-
sorb reversibly below 200 K, yet the ionically bonded Cp
decomposes at temperatures above 500 K.
B. Theoretical approach
We performed molecular dynamics (MD) simulations
to interpret the experimental data and study the micro-
scopic processes governing adsorbate–substrate friction.
Simple center-of-mass MD (COM-MD) simulations ap-
plying Eq. 1 were used to determine the total friction co-
efficient from the HeSE data, whereas we employed more
complex simulations including the adsorbate species’ in-
ternal degrees of freedom (IDOF-MD) for a more detailed
analysis of the different contributions to the friction coef-
ficient. A comparison of adsorbate trajectories obtained
from COM-MD and IDOF-MD is shown in Section III.
For our COM-MD, we used an extension of Eq. 1, in-
cluding Fj,k, a pairwise lateral interaction term between
molecules j and k,
mr¨ = −∇V (r)−mηr˙ + ξ(t) +
∑
j 6=k
Fj,k. (3)
The potential energy surface (PES), V (r), is defined by
six Fourier coefficients,25,34,36
V (r) = −
∑
i,n
An cos(ng i · r), (4)
where three vectors g i define the geometry of the hexag-
onal Cu(111) substrate
g1 = (ζ, 0),
g2 = (ζ cos(pi/3), ζ sin(pi/3)),
g3 = (−ζ cos(pi/3), ζ sin(pi/3)).
ζ is related to the surface lattice constant, a, through
ζ = 4pi/(
√
3a). Using different combinations of first or-
der (n = 1) and third order Fourier coefficients (n = 2),37
landscapes for adsorption on top, bridge and hollow sites
can be selected. In addition, the shape of the PES can
be altered by first scaling it to lie within the range 0→ 1
on the energy scale, then raising it to a power, p, to
change the curvature of the PES and finally scaling it
back to the original height.24 Changing p allows flatten-
ing or sharpening of the wells at the preferred adsorption
sites, making the transition state narrower or wider, re-
spectively. The friction coefficient, η, the potential co-
efficients, the scaling power, p, and the pairwise lateral
interactions are optimized to reproduce the experimen-
tal data. At the start of each simulation, randomly allo-
cated particles are given a random kinetic energy in all
directions and the system is allowed to relax for typically
ca. 320 ps before the core part of the simulation starts.
The intermediate scattering function is calculated from
the adsorbate trajectories in time steps of 0.16 ps at 25
points in ∆K space. In order to reduce the noise level
in the simulations we average over several runs for each
simulated curve. The simulated data is analyzed in an
identical way as the experimental data to allow direct
comparison. A recent study of the dynamics of ben-
zene/graphite showed that repulsive adsorbate interac-
tions can influence the magnitude of the friction.27,38 To
rule out such an effect in the current adsorbate systems,
COM-MD simulations including lateral interactions were
compared with single particle simulations. We found no
significant change between the optimized friction coeffi-
cient when the interaction term was ignored, suggesting
4that all systems studied here are in a low coverage regime
where inter-adsorbate interactions do not influence the
friction.
To identify the degrees of freedom that play a role
in friction, MD simulations based on Eq. 2, which in-
clude the degrees of freedom of the molecular adsor-
bates (IDOF-MD), were performed for Cp, pyrrole, and
thiophene molecules on a hexagonal Cu(111) substrate.
Fig. 2 shows the three molecules we consider, and the
bead–spring models we use. The total friction arises from
the thermal friction from the substrate, ηT , in addition
to the contributions from the molecular degrees of free-
dom. Specific internal degrees of freedom can be frozen
in the simulations, from which their contributions to the
friction can be identified.
Figure 2. The three molecules (top row), and the bead-spring-
like models we use to describe their internal degrees of freedom
in a top (center row) and side view (bottom row). The models
include bending kφi , stretching kri , and torsion kβi (departure
of four atoms from planar) of the bonds. Cp (left column) is
the most symmetric of the three molecules, consisting of five
identical CH-complexes, and lies flat on the substrate. Pyrrole
(center column) has an NH complex instead of one CH group
and also adsorbs flat-lying. Thiophene (right column) has an
S atom and adsorbs tilted, not flat, on the substrate.
The value of the frictional damping parameter of the
substrate thermostat can be estimated from that for an
atomic adsorbate, which is typically between 0.5 ps−1
and 1.0 ps−1.20 It should be noted that the precise
value of ηT has relatively little effect on the contribu-
tions of the different degrees of freedom to the friction,
as demonstrated in Ref. 13. To allow direct compari-
son between all of our simulations, we use a fixed value
of ηT = 1 ps
−1. The force field is integrated using a
fourth order Runge-Kutta algorithm. Initial conditions
at any particular temperature were obtained by allow-
ing the molecule to thermalize at the relevant temper-
ature during an initial period. From simulated trajec-
tories, the change of the center-of-mass velocity over a
short time interval was averaged for different values of
the velocity. The time interval was chosen long enough
so that the correlation in the fast subsystem has time
to decay. In the previous work on benzene,13 the cor-
relation time was determined to be around 0.5 ps. The
time increment used in the present work to determine
the friction coefficient was 0.484 ps=20000 atomic units.
The time interval cannot be chosen much longer than
this, as on longer time scales, the interaction with the
substrate starts to become relevant. The change in ve-
locity over this interval, ∆v, was averaged for different
values of the velocity. The total friction coefficient was
then extracted by fitting a linear dependence and us-
ing the relation 〈∆v〉 = [exp(−η∆t) − 1]v. It should be
noted that due to the long trajectories generated by the
simulations, the statistical errors in this procedure are
small, less than 0.05 ps−1, allowing us to compare the
results from different simulations. However, there can be
larger systematic errors in the final results, due to the
uncertainty in the parameters describing the interaction
between the atoms and substrate.
The total potential energy of a bond in the molecule
consists of contributions from bending, stretching, and
torsion. However, due to the low mass of the hydro-
gen atoms, the energies associated with the bend and
stretch vibrational modes involving the C-H and N-H
bonds are high compared to the typical energy available
at room temperature. Consequently, these bonds will al-
ways be in the ground state, and do not participate in
the dynamics.12,39 If an atomistic model is to be used to
investigate the internal degrees of freedom, the bonds in-
volving H must therefore be eliminated. Here, we average
them out using a mean-field approximation, to obtain a
greatly simplified Hamiltonian.12 This leaves five parti-
cles for each type of molecule. Each CH, NH, or S is
subjected to a substrate potential, as well as a Langevin
thermostat, as shown in Eq. 2.
Interactions between the atoms are modelled using the
Tripos 5.240 force field. The internal potential energy of
a five-fold ring molecule can be described as a function
of the positions, r i, bond angles, φi and torsion angles,
βi,
Vmolecule(r1, . . . , r5) =
1
2
5∑
i=1
kri(‖r (i+1)(mod 5) − r i‖ − r0i)2
+ 12kφi
5∑
i=1
(φi − φ0i)2 + kβi
5∑
i=1
[1− cos(2βi)] ,
(5)
where kri , kφi , and kβi are the force constants for stretch-
ing, bending, and torsion, respectively, while r0i and
φ0i are the equilibrium bond lengths and angles. The
different degrees of freedom of the molecules are indi-
5cated in Fig. 2. The respective force constants and equi-
librium bond lengths and angles are given in Table I.
The C atoms in Cp are treated somewhat differently
from the ones in the other two molecules because Cp is
chemisorbed and accepts an electron from the substrate.
The atomistic internal dynamics of molecules of this size
are typically chaotic, and dominated by the torsion.12,13
Because bulk copper has an fcc lattice, the (111) plane
has triangular symmetry. In the IDOF-MD simulations,
the substrate is therefore modeled with a triangular two-
dimensional substrate potential (using first order Fourier
components) and an additional harmonic term in the di-
rection orthogonal to the substrate,
Vatom(r) =
2V0i
9
[
2 cos
(
2pix
a
)
cos
(
2piy
a
√
3
)
+ cos
(
4piy
a
√
3
)]
+ V1i
8pi2
9a2
(z − z0i)2 , (6)
where a is the inter-atomic distance in the triangular lat-
tice of the Cu(111) plane, a = 3.61/
√
2 = 2.55 A˚, and
V0i and V1i are potential energy scales for the surface
corrugation parallel to the surface and curvature in the
z-direction. The factors of 29 and
8
9pi
2 are inserted so that
V0i and V1i are of the same order of magnitude, giving
equal vibrational frequencies for |V0i| = |V1i|.30,43 As we
find that small variations of V0i and V1i do not influence
the results, we take |V0i| = |V1i| and z0i = 0 for all atoms
except the covalently bonded sulfur atom.
The parameter values used in our simulations are sum-
marized in Table I. We have estimated these parameters
based on experimental information and results of density
functional theory (DFT) calculations.34,36,41 The sign of
the potential corrugation determines the preferred molec-
ular adsorption site, a positive sign giving adsorption on
top sites and a negative sign on hollow sites. As exper-
iments show that Cp and pyrrole preferably adsorb on
hollow and bridge sites, respectively, giving very similar
trajectories moving in channels around top sites, we set
V0i for carbon negative for these molecules. The value
of -150 meV was estimated from the experimental re-
sult for the potential corrugation of a Cp molecule on
the Cu(111) substrate,34 assuming a nearly rigid five-
fold ring. For the N atom in pyrrole we have no clear
information from experiments and have therefore tested
several values for V0i, -300 meV, -150 meV, -75 meV, and
150 meV. Thiophene is bound on the top site through
the sulfur atom. As the S atom in thiophene is by far the
most strongly bound we assume that the single-atom bar-
rier for the S atom for hopping from top to top via bridge
sites is similar to the experimentally determined energy
barrier of the entire molecule (see Section III C), and thus
set V0i = 56 meV.
41 For the other S parameters, we have
used values obtained from the vibrational frequency and
position of atomic sulfur.42 The tilted adsorption geom-
etry of thiophene44 means that the C atoms are likely to
be more weakly bound than in Cp or pyrrole. In order for
the C atoms to have the correct distance from the sub-
strate, and for the thiophene molecule to be tilted, the C
atoms must have non-zero V1i coefficients. We have thus
used a small, non-zero, value for the energy parameter
of the C atoms in thiophene that is consistent with the
on-top binding of the molecule.44 The chosen parameter
values lead to an average tilt angle between molecule and
substrate of approximately 22◦, comparable to the exper-
imentally determined value of 26± 5◦ reported for a low
coverage of thiophene on Cu(111).44
In order to determine the contribution from various
terms, we compare the complete system (all vibrational
modes turned on) with systems where some or all in-
ternal degrees of freedom are frozen. In particular, we
investigate three cases:
(i) the full system including contributions from all ex-
ternal and internal degrees of freedom;
(ii) a system where internal vibrations and frustrated
rotations around axes parallel to the surface plane
(x- and y-axes) are frozen, leaving a rigid molecule
rotating around the less constrained axis normal to
the surface (z-axis);
(iii) a rigid thiophene molecule (i.e. with no inter-
nal vibrational modes) which is fully rotating in
three dimensions, thus including frustrated rota-
tions around axes parallel to the plane as well as
activated rotation33 around the z-axis.
Note that the external vibrations of the molecules are
included in all three models. Simulations of type (ii)
give a flat-lying molecule rotating around the geometric
center for Cp and pyrrole, and a molecule tilted at 22◦
away from the surface plane rotating around a fixed sul-
fur atom for thiophene. We should note that because Cp
and pyrrole are both flat-lying on the surface, rotation
around axes other than the z-axis is strongly hindered
and therefore simulations of type (iii) do not produce
any additional information. In the case of the tilted thio-
phene molecule, however, frustrated rotations are possi-
ble and included in the simulations as they couple to the
other dynamical coordinates.
III. RESULTS
The main results of the MD simulations are summa-
rized in Fig. 3. The center-of-mass adsorbate trajecto-
ries are presented for the three systems Cp, pyrrole and
thiophene on Cu(111), where the main panels show the
results from COM-MD simulations and the respective in-
sets the corresponding results from IDOF-MD simula-
tions. Whilst we observe qualitative differences between
the trajectories for the different adsorbate systems (com-
paring panels (a), (b) and (c)), the trajectories obtained
from the two simulations methods (comparing each panel
with its respective inset) show very similar results for
each system, adding weight to the value of our compari-
son.
6stretching torsion bending substrate
r0i (A˚) kri (eV/A˚
2) kβi (eV) φ0i (rad) kφi (eV/rad
2) z0i (A˚) V0i (meV) V1i (meV)
Cp CH-CH 1.395 121 0.347 C-CH-C 2
3
pi 6.83 C-sub. 0 -150 150
pyrrole
CH-CH 1.395 121 0.347 C-CH-C 2
3
pi 10.25 C-sub. 0 -150 150
CH-NH 1.346 113 0.278 C-NH-C 2
3
pi 14.24 N-sub. 0 -150, 150 150
C-CH-N 2
3
pi 14.24 -75, -300 75, 300
thiophene
CH-CH 1.395 121 0.347 C-CH-C 2
3
pi 10.25 C-sub. 0 25 25
CH-S 1.74 61 0.0867 C-S-C 11
18
pi 11.39 S-sub. -0.754 56 1930
C-CH-S 2
3
pi 21.07
Table I. Parameter values used in Eqs. 2, 5 and 6 to describe Cp, pyrrole and thiophene on Cu(111) in the IDOF-MD simulations.
Bond lengths, force constants and equilibrium angles were taken from Ref. 40, while the potential parameters describing the
interaction with the substrate were derived from known experimental and theoretical values.34,36,41,42
Figure 3. Center-of-mass adsorbate trajectories for (a) Cp at 300 K, (b) pyrrole at 160 K and (c) thiophene at 160 K on
a Cu(111) surface as calculated using COM-MD (main panels) and IDOF-MD simulations (insets). COM-MD simulations
modeling the experimental data show that all three adsorbates occupy different adsorption sites on the same substrate – Cp
prefers fcc and hcp hollow sites, while pyrrole sits on bridge sites and thiophene bonds to top sites – yet they all show the clear
signature of high friction as the motion is dominated by single jumps between adjacent sites. The respective PESs in the main
panels were created using Eq. 4 with (a) n = 1, p = 0.78 and negative A1, (b) n = 2, p = 0.6, negative A1 and positive A2, and
(c) n = 1, p = 1.0 and positive A1. Comparing the results from COM-MD with the respective trajectories from simulations
using Eq. 2, shown in the insets, we find good agreement. In the case of pyrrole, we do not reproduce the precise energy
landscape in the full simulations, yet the trajectories are comparable. Indeed, deducing the ISFs from simulations on lattices
of bridge and hollow sites demonstrates that the two cases give nearly equivalent results in a HeSE measurement.
A. Cyclopentadienyl/Cu(111)
We have performed HeSE measurements of 0.03 mono-
layers (ML) of Cp on Cu(111) at 300 K, where we define
a ML as one adsorbate particle per substrate atom. A
more detailed account of the experiments can be found
in Ref. 34. To summarize, momentum transfer depen-
dent data show that Cp hops in single jumps between
adjacent fcc and hcp hollow sites. Measuring the motion
at variable temperature gives an apparent energy barrier
to diffusion of 41 ± 1 meV. COM-MD simulations uti-
lizing a friction coefficient of η = 2.5 ± 0.5 ps−1 and a
PES that is consistent with DFT calculations,45 provide
trajectories with auto-correlation functions that are in
excellent agreement with experimental results. By vary-
ing η in the simulations while keeping all other parame-
ters constant, we find that this friction parameter is at
the turnover point from low to high friction, where the
jump frequency is maximized.3 DFT calculations show
that Cp is an ionically bonded adsorbate, yet the fric-
tional coupling strength is very similar to that observed
for the physisorbed benzene/graphite system,27 imply-
ing that adsorption strength does not influence the lat-
eral friction. Furthermore, a flat potential energy land-
scape was found for benzene/graphite while Cp/Cu(111)
shows activated behavior, illustrated in the trajectories
obtained from MD simulations, shown in Fig. 3 (a).
Trajectories obtained from the IDOF-MD simulations
of Cp are shown as an inset to Fig. 3 (a) and look similar
to those from the COM-MD simulations. The IDOF-MD
simulations for the full system – model (i) – give a friction
coefficient of 3.7 ps−1, indicating a significant contribu-
tion of the molecular degrees of freedom to the total fric-
tion compared to the friction arising purely from the sub-
strate thermostat, which we have set to ηT = 1 ps
−1. The
7fact that the simulated value is somewhat higher than
the experimental friction is most likely due to the limita-
tions of the pairwise description between the atoms in the
chemisorbed molecule and the substrate, compounded by
the complications in estimating the parameters for the
interaction and ηT . Both experimental and theoretical
values describe similar adsorbate trajectories, however,
dominated by single jumps between adjacent sites, and
thus give good overall agreement. Repeating the IDOF-
MD simulations without vibrational dynamics – model
(ii) – we find a nearly identical friction coefficient as for
the full system, shown in Table II. From this, we conclude
that the rotational dynamics of the molecule around the
z-axis dominate the friction of Cp.
B. Pyrrole/Cu(111)
Pyrrole is found to adsorb in a flat-lying geometry
predominantly through van der Waals bonding, cen-
tered over bridge sites on Cu(111). HeSE measure-
ments of 0.033 ML pyrrole/Cu(111) at 160 K, which
have been reported elsewhere,36 show hopping motion
dominated by single jumps, similar to the behavior of
Cp on the same substrate. In addition, strong lateral
interactions are evident in the data, manifesting in a
strong de Gennes narrowing feature,46 indicating that
the adsorbates repel each other. Temperature dependent
measurements provide an apparent activation energy of
50± 3 meV. MD simulations give a friction coefficient of
2.0 ± 0.4 ps−1 which is again on the same order as that
of benzene/graphite27 and Cp/Cu(111).34
The IDOF-MD results for the friction of pyrrole de-
pend somewhat on the parameter values used for V0i
and V1i and vary between 2.6 ps
−1 and 3.9 ps−1. The
highest value was obtained for V0i = −150 meV and
V1i = 150 meV, i.e. when the interaction parameters
for the N atom were identical to those for the C atoms.
With increasing asymmetry, the friction value decreases,
both for increased and decreased coupling. As was the
case with Cp, the friction values with – model (i) – and
without vibrational dynamics – model (ii) – are nearly
identical and thus the rotational motion of the molecule
about the z-axis must dominate the friction.
C. Thiophene/Cu(111)
A comparison of the atomic adsorbate systems
summarized in section I with benzene/graphite,27
Cp/Cu(111),34 and pyrrole/Cu(111)36 suggests that the
frictional coupling is stronger in large molecular systems,
irrespective of bonding mechanism and potential energy
landscape corrugation. To investigate the effect of ad-
sorption geometry on the friction, we have now extended
our study to a third five-membered aromatic adsorbate,
thiophene, on Cu(111).
Fig. 4 shows HeSE measurements of 0.015 ML thio-
phene/Cu(111) at 160 K, recorded along two azimuthal
directions. The sinusoidal shape of the experimental
curves follows that predicted by analytical models for
hopping on a simple Bravais lattice,47 confirming Milli-
gan et al.’s findings that thiophene adsorbs preferably on
top sites.44 Small peak and dip deviations from a sinu-
soid can be found at low values of ∆K which indicate re-
pulsive inter-adsorbate interactions, allowing a coverage
determination from the position of the dip.46 Tempera-
ture dependent measurements give an Arrhenius barrier
to diffusion of Ea = 59± 2 meV.
Figure 4. HeSE measurements of the dynamics of 0.015 ML
thiophene/Cu(111) at 160 K along the two main crystal di-
rections <11¯0> (left panel) and <112¯> (right panel). Experi-
mental data points, shown in blue, are compared with results
from simple center-of-mass molecular dynamics simulations
(solid line) providing a friction coefficient of η = 5± 2 ps−1.
We interpret the experimental data with COM-MD
simulations. By optimizing the PES and friction coef-
ficient we obtain excellent agreement with the α(∆K )
curve, shown as solid lines in Fig. 4, and the Arrhenius
activation energy. The best fit to the data was obtained
with a friction coefficient of η = 5 ± 2 ps−1, which is
exceptionally high.
The IDOF-MD simulations including all degrees of
freedom – model (i) – show a friction value of 3.2 ps−1
for thiophene/Cu(111), which is within the error bars of
the experimental value. Simulations of a rigid thiophene
molecule tilted at a constant angle – model (ii) – produce
a similar, slightly higher, value for the friction. However,
when the molecule has more degrees of freedom and is al-
lowed to rotate in 3 dimensions – model (iii) – the friction
is lowered to 2.9 ps−1. This indicates that, besides the
rotation around the axis normal to the substrate, other
dynamics, such as frustrated rotations, also play a role.
IV. DISCUSSION
Comparing the previous results for benzene on
graphite12,13,27 with our findings for Cp, pyrrole and
thiophene on Cu(111), as summarized in Table II for
both theory and experiment, we can deconstruct the in-
fluence of microscopic parameters on the friction coeffi-
cient. From an experimental point of view, we find that
8the friction is fairly insensitive to the corrugation of the
potential energy landscape, as the friction coefficient for
benzene on a flat graphite landscape is very similar to
that for Cp and pyrrole on the corrugated Cu(111) sur-
face. Similarly, we do not observe any trends with the
adsorbate–substrate bond strength when comparing the
ionically bonded Cp with the physisorbed benzene and
pyrrole. Finally, by extending the existing experiments
to the tilted thiophene/Cu(111) system, we can also in-
vestigate the role of adsorption geometry. Somewhat sur-
prisingly, the friction coefficient obtained for thiophene is
the largest amongst all four systems studied, even when
taking into account the rather large error bars. Our ex-
perimental results thus suggest that the addition of frus-
trated rotational degrees of freedom for a molecule tilted
away from the surface increases the friction, although this
effect is not reflected in the present simulations.
Adsorbate system ηCOM-MD [ps
−1] ηIDOF-MD [ps−1]
(i) (ii) (iii)
Benzene/graphite 2.227 1.913 1.813 -
Cp/Cu(111) 2.5± 0.534 3.7 3.7 -
Pyrrole/Cu(111) 2.0± 0.436 2.6-3.9 2.6-3.9 -
Thiophene/Cu(111) 5±2 3.2 3.4 2.9
Table II. Comparison of friction coefficients for a range of aro-
matic adsorbate systems. The contributions of the different
molecular degrees of freedom to the friction are determined
by modeling (i) the full system including contributions from
all degrees of freedom, (ii) rigid molecules with frozen inter-
nal modes, leaving rotation around the z-axis as the only in-
cluded degree of freedom, and (iii) in the case of thiophene a
system including the contributions from frustrated rotations
normal to the surface plane and rotation around the z-axis.
The statistical errors in the IDOF-MD values are small, less
than 0.05 ps−1, allowing the comparison of the results from
models (i), (ii) and (iii). However, there can be larger sys-
tematic errors in the final results, due to the uncertainty in
the parameters of the potential-energy landscape and ηT . All
theoretical results shown here are for a thermal friction of
ηT = 1 ps
−1. These uncertainties could account for the slight
discrepancy between some experimental and theoretical val-
ues, yet do not affect our conclusions regarding the contribu-
tions of the molecular degrees of freedom.
Previous work showed that for benzene/graphite
the dominating degrees of freedom are rotation and
torsion,12,13 whilst here we find rotation around the axis
normal to the substrate clearly dominates the friction in
all three five-membered molecules on Cu(111). From Cp
to thiophene, the molecules become increasingly asym-
metric. Pyrrole, unlike Cp, has one atom that is differ-
ent from the others. By varying the coupling strengths
for the N atom in the IDOF-MD simulations of pyrrole,
we have investigated the effects of this asymmetry on the
friction. The friction is at a maximum if the N and C have
the same coupling strength to the substrate. As all con-
tributions to the friction are mediated through the cou-
pling between the individual atoms and the substrate,13
a reduction in friction with weaker coupling is to be ex-
pected. However, an increase of a factor of two in the
coupling strength of the N atoms also reduces the fric-
tion by a third; as rotation, which is the main channel of
dissipation, is partially blocked. Because of the (approx-
imate) five-fold symmetry of the molecule and triangular
symmetry of the lattice, a fully symmetric molecule feels
only a small energy barrier against rotation around the z-
axis. When the N atom couples more strongly the barrier
increases and rotation becomes more difficult.
In comparison, further asymmetry is added in the thio-
phene/Cu(111) system by the fact that the molecule
bonds to the substrate covalently through the sulfur atom
with the ring tilting away from horizontal. By comparing
the friction obtained for the full system in model (i) with
cases where different modes are turned off in the IDOF-
MD simulations, we can deconstruct the contributions of
the different modes. In case (iii) only the internal vibra-
tions are switched off, while in case (ii) the frustrated
rotation modes are missing as well. From the friction
values given in Table II, we find that frustrated rota-
tions give an important contribution to the friction in
an adsorbate that is not flat-lying. We further note that
in the case of thiophene the internal vibrational degrees
of freedom decrease the friction somewhat, going from
model (ii) to (i). The mechanisms causing this small de-
crease are complex and most likely due to a change in the
coupling between the different modes. Overall, it must
be concluded that several modes contribute significantly,
and in either sense, to the frictional forces experienced
by thiophene.
The present work demonstrates that MD simulations
taking into account the internal degrees of freedom of a
molecular adsorbate species can be a valuable tool for the
analysis of HeSE experiments. In addition to the inves-
tigation of friction coefficients and center-of-mass adsor-
bate trajectories described in the present work, it is possi-
ble to deduce ISFs from IDOF-MD simulations for a more
direct comparison with HeSE data, as is routinely done
for COM-MD simulations.24,27,33 In general, the number
of free parameters in IDOF-MD simulations is likely too
high to allow a reliable analysis of new HeSE measure-
ments. Once additional information about the potential
energy landscape has been obtained (e.g. by COM-MD
or DFT calculations), however, we believe IDOF-MD
simulations can be a valuable tool to test a PES or to
investigate the different contributions to the friction in
more detail.
V. SUMMARY
In conclusion, we have shown the importance of inter-
nal degrees of freedom in the friction of molecular ad-
sorbates. By comparing four systems that span a range
of different adsorption geometries, bond strengths and
energy landscape corrugations, we have demonstrated
that the influence of these three parameters is relatively
9unimportant in the friction for these systems, while the
increase in friction compared to atomic adsorbate sys-
tems is large. IDOF-MD simulations show that the main
contribution to the increase in friction of the molecular
systems can be attributed to frustrated rotation around
axes parallel to the surface plane and activated rotation
around the z-axis.
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